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Abstract— With the decreasing cost of solar photovoltaics (PV) 
and battery storage systems, more and more prosumers appear in 
the distribution systems. Accompanying with it is the trend of 
using home energy management systems (HEMS). HEMS 
technologies can help the households to schedule their energy 
prosumption with aims such as reduced electricity bills or 
increased self-sufficiency. However, their economic-driven 
operation can affect the grid security. Therefore, it is paramount 
to design a framework that can accommodate the interests of the 
key stakeholders in distribution systems, namely the grid 
operators, aggregators, and prosumers. In this paper, a novel 
transactive energy based operational framework is proposed. On 
the upper level, aggregators will interact with distribution grid 
operators through transactive approach to ensure the grid 
interests are satisfied. If there are grid issues, the aggregator will 
interact with the prosumers through a designed price adder. The 
simulation results indicate that the proposed framework can 
effectively accommodate the prosumers operation in distribution 
systems while keeping the key stakeholders’ interests. 
 
Index Terms—Demand management, Prosumer, Transactive 
Energy, Aggregator, Distribution system operation 
 
NOMENCLATURE 
Acronym  
PVST PV and battery storage system 
DER Distributed energy resources 
DR Demand response 
HEMS Home-energy management system 
ND Normalized difference 
CoS Cost of security 
Parameter  
i, t, k, r, j Respectively represent the index of prosumer, 
Time slot, aggregator, rolling optimization 
process, and bus no. 
Ai,k The objective function of i
th prosumer associated 
with the kth aggregator 
B The objective function of the aggregator when 
transactive energy approach is triggered 
  
μ
t,k
Agg
 [€/kWh]                  Forecasted retail electricity price at hour t of 
prosumer associated with aggregator k 
μ
t,i
Sell/μ
t,i
buy [€/kWh] Price of selling/purchasing 1 kWh electricity by 
prosumer i at hour t  
μ
t
Up/μ
t
Down [€/kWh] Up-regulation/down-regulation price at hour t  
μ
t
TSO, μ
t
DSO [€/kWh]    Grid tariff at hour t from TSO/DSO  
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μETax [€/kWh]  Electricity tax 
μ
t
DAM Day-ahead market price at hour t 
NAgg Total number of aggregators in the system 
Nbus Total number of buses in the studied distribution 
system. 
ωbuy/ωsell [%] Profit coefficient of aggregator for 
purchasing/selling respectively 
VAT [%] Value Added Tax 
MDSO [€/kWh] Participation factor that represents the participation 
preference of each EV prosumer 
Umax, Umin Minimum and maximum voltage limit in p.u. 
U0  Initial voltages of the buses in the network in p.u 
P𝑡𝑟𝑎𝑛𝑠
Max  Power capacity of the transformer, in p.u. 
Pi
+, Pi
- [kW] Maximum charging/discharging power of 
prosumer i 
Pt,i
pv
 [kW] PV output of ith prosumer at hour t 
Pt,i
load [kW] Load consumption of i
th prosumer at hour t 
J21
-1  V/P submatrix of the inverse Jacobian. 
cbat, cBd [€/kWh] Battery capital and degradation cost 
LET [year] Battery life energy throughput 
Lc, Ls [kWh], DoD Cyclic lifetime, battery capacity and depth-of-
discharge respectively 
Ωj   Set of bus no. 
T [hour] Whole time window of the optimization horizon 
Es,i [kWh] Energy storage system capacity of i
th prosumer 
η
Ch
/η
Dis
 Charging/Discharging efficiency of battery 
respectively 
SOCinitial, SOC
max, 
SOCmin 
Initial SOC, maximum SOC, minimum SOC 
p Iteration index for price adder 
ρ Step size 
ϵ Convergence accuracy 
Variable  
Pt
Ch/Pt
Dis [kW] Charged/discharged power in the battery at hour t 
Pt,i
B /Pt,i
S  [kW] Purchased/sold power by prosumer i at hour t 
Pt,j
DSO [kW]   Power schedule submitted to DSO at hour t of bus 
No. j 
Pt,j
Agg
 [kW]   Power schedule submitted to aggregator at hour t 
of bus No. j 
SOC State of charge 
δt,i
a
/δt,i
b
 [kW] Binary indicator of exporting/importing energy to 
the grid by prosumer i at hour t 
λ [€/kWh] Price adder 
λrev [€/kWh] The revised price signal that broadcasted to 
prosumers 
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I. INTRODUCTION 
he proliferation of DERs results in a paradigm change in 
the operation of the power system. Instead of purchasing 
energy produced by large generating companies through 
energy suppliers, more and more residents equip their homes 
with PV and battery storage to improve their self-sufficiency 
via HEMS [1]. However, the uncertainties in both the PV 
generation and the residents’ preferences challenge the safe 
operation of the distribution system. To alleviate potential 
congestion and voltage violation problems, exploitation of the 
flexibility embedded in the DERs is a promising solution and 
thus draws worldwide attention. 
Transactive energy (TE) represents a group of promising 
technologies that facilitate the operation and coordination 
among intelligent devices as well as stakeholders using value as 
the sole media. As only value is exchanged among the parties, 
their privacy and autonomy can be retained [2]. So far, various 
research works have been developed under this principle. In [3], 
transactions are expected to be made between the houses with 
HEMS and a corresponding transactive node while multiple 
objectives are considered. TE was also utilized to provide DR 
to the grid via the commercial building HVAC systems 
considering agent bidding strategies [4]. The DERs were 
coordinated in the form of virtual power plant (VPP) in [5] and 
optimally controlled in both day-ahead (DA’) and real-time (RT) 
market. The whole problem was formulated as a two-stage 
optimization problem and the TE was applied in the outer layer 
to minimize the imbalance cost in the RT market. An agent-
based TE architecture was proposed in [6], the distributed 
energy storage systems and various types of DR loads in 
different microgrids were controlled by a comprehensive 
energy management system. The simulation results showed that 
the proposed framework could effectively deal with the energy 
imbalances within the microgrids and lower the dependency of 
the microgrids on the main system. TE was also adopted in [7] 
for coordinating the generation and consumption in a rural off-
grid microgrid. A comparison study of the performance of 
various TEs was presented in [8]. 
Though TE has been demonstrated to be effective for 
enabling transactions for DERs in the above works, the network 
constraints have not been taken into account fully. Thus, some 
works started to see the possibility of meeting the network 
constraints by TE [9][10]. In [9], both the distributed demand 
and supply were controlled indirectly via the TE. Under the 
assumption that the aggregators have the right to control the 
associated DERs when there is a requirement of meeting the 
system constraints, TE was applied in [10] for optimizing the 
EV prosumers’ schedules. In [11], a non-bidding TE market 
was proposed which enabled the transactions between the 
distributed prosumers (transactive agents) and the distributed 
system operator (DSO). Under the TE, the real-time market 
participation of the thermostatically controlled load consumers 
was enabled in [12], the proposed strategy was demonstrated to 
be less sensitive to the forecast error since only the mean and 
volatility of clearing price over a future time window is required. 
To address the uncertainties in both the renewable energy 
production and market prices, a stochastic programming model 
was proposed in [13] where the TE approach was utilized to 
facilitate the operation of the rural micro-grids with the purpose 
of energy balancing. The TE was adopted in [14] for 
transactions among the neighboring microgrids; the simulation 
shows that the proposed method reduces the levelised cost of 
energy. A TE framework proposed in [15] regards the 
transactive agent as the aggregated demand.  
The previous TE work for distribution system operation was 
addressing only interactions between mainly two parties, or 
multiple identical parties under certain context, while lacks a 
complete interaction framework covering the demand side, 
aggregators, and the distribution network operators. In this 
paper, we propose a framework to facilitate the operations of all 
three parties based on TE principle, with the aim of 
accommodating the prosumers’ operation. TE is applied for 
activating the demand response from prosumers while meeting 
the distribution system’s constraints. Specifically, the 
contributions include: 1) The role of aggregator is redefined 
compared with [4][6][10][16] (where the aggregator is assumed 
to have the right of controlling the DERs directly) and specified 
in this work as not only an energy retailer but also an aggregated 
ancillary service representative; 2) A new mixed-integer linear 
programming (MILP) model is proposed for PVST prosumer 
scheduling considering the difference in the price of selling and 
purchasing electricity. 3) A price signal is formulated 
addressing the interests of DSO, aggregators, and prosumers, 
while the responsiveness of prosumers is fully accounted. 4) A 
new TE approach is presented that can achieve a close-loop 
control strategy to ensure the operational goal. Based on this, 
the scalability of TE is significantly increased and the 
willingness of prosumer is truly respected.  
The paper is organized as follows: The HEMS-based TE 
architecture is specified in the next section. Based on this, the 
optimization model is then described in section III. The 
simulation model and results are discussed in section 4. 
Conclusions are presented last. 
II. PROPOSED TRANSACTIVE ENERGY FRAMEWORK 
The proposed scheme can be well integrated with many 
markets in the world. The section first discusses the tariff policy 
followed by the proposed TE framework. 
A. Current Tariff Model 
A tariff model can be defined according to the customer’s 
production or consumption and the connected voltage level, 
where the tariff that each type of customer should pay varies, 
e.g. based on waterfall principle [17]. Currently in many 
countries in the world there is no production tariff for the 
residential customers and residents pay only tariffs for each 
kWh of consumption as well as a subscription fee [17].  
Additionally, time-of-use tariff is adopted by some DSOs in 
order to reduce the peak load [18]. The peak load tariff applies 
during the period between 17:00 – 20:00 from October 1st to 
March 31st. An example of Danish case is shown in Table I.  
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TABLE I. PRICE FOR ELECTRICITY TRANSPORT [EURO/KWH] 
 Peak Off-peak 
TSO 0.01 0.01 
DSO 0.09 0.03 
B. Proposed Transactive Energy Network for Prosumer  
Existing work for demand side activation was primarily 
based on a fictitious price quantity response curve of 
consumers, where the energy consumption was expected to 
follow an external price signal based on the curve. However, it 
is hard to approximate such a curve in reality, and under the 
new privacy regulation, such information may not be available 
for electricity retailers and the grid operators. Instead, with 
increased use of controllable household solar PV and storage 
units and online appliances, prosumers tend to schedule their 
energy prosumption to maximize their self-sufficiency and 
hedge the volatile external supply conditions. HEMS can help 
the prosumers to coordinate and optimize their schedules with 
respect to their forecasted production and consumption 
preferences. Such function is already adopted in commercial 
HEMS type of systems [19]. In this way, the residents’ energy 
presumption information is not shared, hereby the privacy 
issues are resolved. There have been articles in the field 
favoring this model [20]. 
Prosumers equipped with HEMS may participate in the 
electricity market directly, provided that they have access to the 
marketplace and knowledge of operation. Else, they can 
subscribe to an electricity aggregator/retailor whose role is to 
guarantee their power supply as well as aggregate the 
distributed resources for market operation. In the latter context, 
HEMS communicates directly with the aggregator to submit 
their schedule and obtain price information based on their type 
of supply contracts. Such two-way communication among 
prosumers and aggregators enables a TE network. While from 
the grid operator side, to ensure efficient grid operation and 
fulfill the network security, a TE framework can be set between 
the aggregator and the network operator through a distribution 
independent system operator (DISO) [16]. In this way, a TE 
framework can be established to ensure a coordinated operation 
of prosumers, aggregators, and distribution grid operators at the 
same time.  
In this framework, it is assumed there is a variable price 
contract between the aggregator and the prosumer, where the 
prosumer will schedule their presumption based on the 
predicted electricity price from the associated aggregator and 
the forecasted consumption and PV production. The objective 
of the HEMS is to control the prosumer’s devices to minimize 
the electricity bills (or maximize profits in the case of excess 
PV generation). The schedule from the prosumers in each time 
interval will be collected by the aggregators for trade in the 
market according to their bidding strategy. The schedules of all 
the aggregators will be sent to the DSO to validate network 
security. If no congestion or voltage constraints violations 
occur, the DSO will accept all the schedules. Otherwise, a TE 
will be triggered between the DSO and the aggregators. A social 
welfare problem between DSO and aggregators will be 
resolved. To guarantee the fairness of the interaction [16], a 
third party DISO is defined to facilitate the transactive 
procedure between the aggregators and the DSO. The 
aggregator may bid in the balancing market to compensate for 
the derived imbalance cost due to TE. The transactive 
procedure will generate a price quantity representing the added 
cost of security to the aggregators due to network constraints. 
In literature, this price quantity has not been effectively used to 
activate the individual prosumers through a framework, hence 
the aggregators are assumed to bear the cost of security. In this 
work, instead, this price quantity is used to formulate a price 
adder (PA) and communicated to the prosumers through 
HEMS, which represents the network cost of electricity due to 
their schedule. The HEMS will add this PA to the original 
forecasted electricity price and reschedule the consumption and 
submit to the aggregator. If the new schedule still results in 
violations of network constraints, the whole process will repeat 
until security criteria are met. This PA, in fact, is equivalent to 
network tariff representing the network conditions in the 
coming time period. 
The proposed TE strategy extends the previous work in 
several respects. Firstly, TE models proposed in literature 
usually consider only two parties, e.g. aggregator and prosumer, 
or aggregator and DSO, where to the authors’ knowledge, there 
have not been work addressing the interactions of all three 
parties. Secondly, an innovative PA is designed to represent the 
network conditions and used to activate the response from the 
prosumers. Thirdly, the proposed TE framework will not stop 
unless the constraints are satisfied, which provides a close-loop 
framework for the prosumers operation in the distribution 
network. The overall conceptual architecture is shown in Fig. 1. 
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Fig. 1. (a) The proposed TE architecture. (b) HEMS for PVST prosumers. 
 
C. Rolling Operation for Prosumers 
The operation of prosumers is expected to follow a forward 
rolling time window, where within the time window the 
forecasted production and consumption is used for scheduling. 
The time window length is designed 3 hours, with 1-hour 
resolution. The proposed rolling window optimization (RWO) 
model is illustrated in Fig. 2. 
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Fig. 2. Rolling procedure for HEMS controlled PVST prosumers. 
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Fig. 3. The operation flow for the TE system in each RWO process. 
 
The overall operation flow is shown in Fig. 3. It is an iterative 
process until the aggregated schedule from prosumers is valid 
for the network. In each iteration, the PVST prosumers will first 
optimize their own schedules according to the predicted 
information and submit the schedule to the subscribed 
aggregator. The aggregated schedules will be passed to DSO by 
the aggregators. If network constraints are violated, the TE 
mechanism will be triggered to help reschedule the PVST 
prosumer’s schedule until the agreement reached among the 
aggregators and DSO (step 4). Afterward, the aggregator sends 
the PA to its associated prosumers and then obtains an updated 
schedule from them. The HEMS manages each prosumer’s 
schedule and the control strategy is designed according to each 
PVST prosumer’s preferences. The aggregator can indirectly 
influence the prosumer’s behavior through a price adder. 
III. OPTIMIZATION MODELS 
The overall optimization problem is formulated as a social 
welfare maximization (and cost minimization) problem. 
A. Prosumer’s Operation Model 
For the PVST type of prosumers, HEMS mainly controls the 
storage unit to achieve economic operation. Since there are 
periods where there are surplus PV output and the energy 
purchasing and selling price from aggregator is asymmetric due 
tariffs and taxes, binary variables are required to indicate both 
the prosumer’s action (buy/sell) as well as the battery operation 
status (charging/discharging). The specification of binary 
variables is included in Table II. 
 
 
 
TABLE II. SPECIFICATION OF BINARY AND BI-LINEAR TERMS 
Variable Type Definitions Description 
δt,i
1
 Binary  Exporting (sell) energy to the grid 
δt,i
2
 Binary  Importing (buy) energy to the grid 
δt,i
3
, δt,i
4
  Binary 
δt,i
1
(Pt,i
pv
-
Pt,i
load-
δt,i
3
Pt,i
Ch+δt,i
4
Pt,i
Dis)
≥0  
The battery is in 
charging/discharging mode when it 
is exporting to the grid 
δt,i
5
, δt,i
6
  Binary 
δt,i
2 (Pt,i
pv
-
Pt,i
load-
δt,i
5
Pt,i
Ch+δt,i
6
Pt,i
Dis)
≤0 
The battery is in 
charging/discharging mode when 
the prosumer is importing from the 
grid 
zt,i
1  Real > 0 zt,i
1 =δt,i
1
δt,i
3
Pt,i
Ch 
The energy flows into the battery 
when the prosumer is charging 
while exporting to the grid; 
zt,i
2  Real > 0 zt,i
2 =δt,i
1
δt,i
4
Pt,i
Dis 
The energy flows out from the 
battery when prosumer is 
discharging and exporting to the 
grid 
zt,i
3  Real > 0 zt,i
3 =δt,i
2
δt,i
5
Pt,i
Ch 
The energy flows into battery when 
charging while the prosumer is 
importing from the grid 
zt,i
4  Real > 0 zt,i
4 =δt,i
2
δt,i
6
Pt,i
Dis 
The energy flows out from the 
battery when discharging while 
importing from the grid 
 
Considering the electricity products provided by the 
aggregators, the PVST prosumers’ objective function (A) in 
each rolling procedure can be expressed in the following. 
 Obj.:    


 S B
Sell B
i,k t,k t,i
P ,P
t T
buyS
t,i t,kmax A = P µ + P µ           (1)
( )( )1= + + + +buy Agg TSO DSO ETaxt t tt,k t,kµ µ µ µ µVAT
        (2) 
S.t.:    ( )3 41 0+= − − pv load Dist ,iS Cht ,i t ,i t ,i t ,i t t ,, t ,i i iP P P  δ P  δ Pδ      (3) 
         ( )5 62 0+= − − pv load Dist ,iB Cht ,i t ,i t ,i t ,i t t ,, t ,i i iP P P  δ P  δ Pδ       (4) 
                                       
0 + Cht ,i iP P                                   (5)                                  
0 − Dist ,i iP P                                    (6) 
 min maxi t ,i iSOC SOC SOC                          (7) 
1 =,i initial ,iSOC SOC                           (8)                 
1 2 1+ =t ,i t ,iδ δ                                    (9) 
3 4 1+ =t ,i t ,iδ δ                                  (10)                            
5 6 1+ t ,i t ,iδ δ                                  (11)  
( )
( )
1 3 2 4
1 4
1
2 6
+
 +
 = +


+
−

t ,i t ,i
s ,
Ch
t ,i t ,i t ,i t ,i t ,i Ch,i
Dis
t ,i t ,i t ,
i
s ,
i t ,i t ,i
Dis,ii
δ δ δ δ P η
P
η
SOC SOC
E
δ δ δ δ
E
    (12) 
It should be noticed that the above optimization problem 
contains bi-linear terms in eq. (3), (4) and (12), which make the 
problem non-convex. This intractable problem can be resolved 
by linearizing the bi-linear term through introducing extra 
variables zt,i
1  to  zt,i
4  as listed in Table II. This is the so-called big 
M technology [21]. By using big M technology, the 
optimization model can then be reformulated. For simplicity, 
the index i is neglected in the following. The full mathematical 
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formulation via big M is specified in the supporting document. 
The energy schedule from the PVST prosumers for time 
interval t at bus j, Pt,j
Agg
, will be submitted to the DSO via 
aggregators. If the schedule violates the system constraints, the 
TE mechanism will be triggered; otherwise, this schedule will 
be accepted. A simple battery life cost model is adopted as 
proposed in [22], mathematically it is expressed as: 
= batBd
ET
c
c
L
                                    (13) 
=ET c sL L L DoD                               (14) 
To consider the impact of the BDDC on the scheduling, the 
objective function (1) is modified into the following, 
Obj.:           
( )2 4

−

+

−
sell buy
sell Sell buy
i t t
P ,P
t T
buy
t t
Bd t t
Dis
min A = P µ + P
ηzc z
µ
        (15) 
B. DSO’s Objective 
The responsibility of the DSO is to meet the energy demand 
of each aggregator while ensuring the overall operational 
schedule meets the distribution system constraints. The DSO’s 
optimization problem can be written as follows:  
2
, ,min ( )
 
− D
bus
SO
DSO Ag
DSO
P
j N t T
g
t j t jPD= P           (16) 
( ), , ,

= +
j
Agg S B
t j t i t i
i
P P P                    (17) 
S.t.             ,

−  
bus
DSOMax Max
trans tran
j N
t j sP P P             (18) 
min 0 1 max
, 21 ,
− − DSOtrans t j transt jU U J P U         (19). 
The corresponding prosumers’ schedules of bus j will be 
aggregated by aggregator as shown in (17). A sensitivity 
method ignoring reactive power variation is adopted to 
calculate the grid voltage in (19) according to [10]. 
C. Aggregators Operation Model 
The aggregators' operation is to satisfy the demand from 
market participation. Here, we consider aggregator has already 
a purchase agreement from the day-ahead market. The schedule 
submitted from the prosumers represents a modification of the 
day-ahead schedule. The deviation from the initial schedule 
may introduce extra cost to aggregator. To minimize the cost, 
this modification can be considered as balancing power 
provided to the grid. Each aggregator’s optimization problem 
in this phase can be expressed as follows:  
Obj.:            ( )

−S B
DownB Up
t,i t
P
S
t t,i
,P
t T
min B = P µ P µ         (20) 
  1 2 1+ a at ,i t ,iδ δ                                 (21) 
10 2 − S at ,i i Dis,i t ,iP P η δ                          (22) 
           20 2 + B at ,i i Ch,i t ,iP P η δ                          (23) 
The schedule sent to DSO can be expressed as, 
  ( )
 
− =
Agg j
B S DSO
t ,i t ,i t , j
k
k N i
P PP                     (24) 
The aggregator can either provide up regulation or down 
regulation which is indicated in (21). The range of the up/down 
regulation energy is described in (22) and (23) respectively. 
Considering the difficulties in obtaining SOC information of 
PVST prosumers via smart meters in the real-world, a 
modification is made in this work which relaxes the upper 
boundaries of charging/discharging limits by assuming a full 
battery storage in t-1 time interval. Eq. (24) shows the common 
interests between aggregator and DSO. 
D. Social Welfare Maximization Between DSO and 
Aggregators 
A social welfare optimization problem can be formulated as, 
Obj.: 
( )
( )
, ,, , ,
, ,
,
,
, ,
,m n ,i
  
 
+
  
 
S DSOB
t i k
Agg
bus
t i k t j
j
B
k t i
S
t i k
P P P
D
k
k N t T i
j N t T
SO
t jD
P
P
B P
      (25) 
                       s.t.        (18)-(19), (21)-(24). 
It can be seen that (24) is a shared constraint for the 
optimization problem of DSO and the aggregators. 
E. Transactive Energy Model via ADMM 
Eq. (25) will be solved iteratively between the DSO model 
and the aggregator’s model through a price signal which 
represents the cost of security (CoS). The model is non-convex 
due to the presence of binary variables. ADMM is adopted here 
to solve the problem [23]. Firstly, an augmented Lagrangian of 
the problem (25) is written in the following.  
( ) ( )
( )
*
, , , , ,
*
, , ,
*
, ,
, ,
,
2
2
, , ,
2



  
   



=
 −+ +
 
− +
 
 
   
 
Agg
bus RO bus RO
bus RO
j
Agg DSO S
t j t j t j t i k
DSO Agg DSO
t j t j t j
Agg DSO
t j
B
p k t i k
k N t T i
t j
j N t T j N t T
j N t
t j
T
P P P P
PD
PP
B
P
L
P   (26) 
Where ρ>0. To solve (26), the ADMM includes the iterations 
in the following.  
( )
,
, 1 * ,
, , , ,: arg min , ,
+ =
Agg
i j
Agg p Agg DSO p p
t j p t j t j t j
P
P L P P               (27) 
( )
,
, 1 *, 1
, , , ,: arg min , ,
+ +=
DSO
i j
DSO p Agg p DSO p
t j p t j t j t j
P
P L P P           (28) 
( )1 *, 1 , 1, , , ,:  + + += + −p p Agg p DSO pt j t j t j t jP P            (29) 
A constant step size ρ is utilized to update λ which is defined 
as 0.8 in this study. The convergence criterion is described in 
the following. 
1
, ,  
+ − p pt j t j                             (30) 
where ε is set as 0.005 in this study. After solving (26), the new 
schedule that is accepted by both DSO and aggregators can be 
formulated in the following. 
     = + −Agg* Agg B St , j t , j t , j t , jP P P P                     (31) 
F. Rescheduling of PVST Prosumers via a PA 
The price quantity reflecting CoS should be communicated 
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to the prosumers to reflect the network conditions, as it is 
induced due to the schedule of the prosumers. This has not been 
addressed in literature since the converged price can be much 
higher than normal electricity retail price due to rigid technical 
constraints that makes it no practical ground to be directly 
applied. In this work, we proposed a method to apply this price 
quantity to formulate a PA. First of all, the difference before 
and after initial schedule is normalized and represented by ND, 
( )
 
( )
*
, ,
, *
, ,
1, ,
max
 
−
=
−
j
Agg Agg
t j t j
t j Agg Agg
t j t j
t T j
P P
ND
P P
        (32) 
There are totally four states when the initial schedules of 
PVST prosumers are required to be updated which has been 
concluded in Table III. 
 
TABLE III . PA DIRECTION ACCORDING TO THE SIGN OF ND AND COS 
ND CoS PA 
+ + + 
 - + 
- + - 
 - - 
 
In Table III, ‘+’ means positive value and vice versa. A 
positive ND means that the agreed schedule between DSO and 
aggregator requires the PVST prosumers to use less energy 
from the grid or inject more energy to the grid. In such situation, 
it can be imagined that no matter the sign of CoS, a positive PA 
should be given to the prosumer so that the right response can 
be activated from PVST prosumer. In contrast, if ND has a 
negative sign, a negative PA should be applied. Finally, the 
actualized PA λt,j
rev
 is formulated by the following formula  
, , , =
rev TE
t j t j r jND                         (33) 
Upon receiving the PA from the aggregator, each PVST 
prosumer will reschedule their presumption by adding the PA 
to their forecasted price, 
Obj.:            
( )
( ) ( )2 4 1

−
+
+

−
−

+
S B
S rev
t t
buyrev
t Bd t t Dist,k
Sell
i,k t,k
P ,P
t T
B
t
λ
λ c z η
min A = P µ
+ P µ z
      (34) 
The process of section III. A to III. F will be repeated until 
the schedule is accepted by the DSO. 
G. Discussion 
In order to have the scheme work in reality, the following 
conditions need to be fulfilled,  
• Prosumers can schedule their presumption with a certain 
accuracy level and are willing to respond to external prices; 
• The marginal cost of the TE operation is low, which means 
the communication channels are reliable, and 
mathematically the problems can be solved quickly and 
reliably; 
• A balance or imbalance market is available for the 
aggregators to modify their day-ahead schedule; 
IV. CASE STUDY 
A representative low voltage grid is used to illustrate the 
efficacy of the framework.  
A. Parameter Settings 
In this work, it is assumed that there are in total 18 PVST 
prosumers contracted with two different aggregators in a 0.4 kV 
low voltage distribution system which is the same test system 
in [16]. The power transformer capacity allocated to all 
residents in that area is 220 kW. The minimum and maximum 
voltage of the bus is set at 0.9 and 1.1 p.u. respectively. The 
parameters of batteries are specified in Table IV. 
 
TABLE IV. BATTERY PARAMETERS 
Type Eb 
(kWh) 
SOCmin 
(%) 
SOCmax 
(%) 
P+/P- 
(kW) 
ηCh/ηDis 
(%) 
Cbd 
(Euro
/kwh) 
1 13.1 20 90 2.86 0.9/0.95 0.07 
2 25.4 20 85 5.57 0.9/0.95 0.07 
3 21.8 20 85 4.77 0.9/0.95 0.07 
4 12.3 20 90 2.70 0.9/0.95 0.07 
5 12.8 20 85 2.81 0.9/0.95 0.07 
B. Results and Discussion 
Due to low diversity in PV production and likely similar 
forecast of the electricity price, schedules from prosumers can 
have high coincidence where there can be periods network 
constraints are violated. To simplify the study, it is assumed in 
the case study that all the prosumers under one aggregator have 
the same forecasting of electricity prices. The predicted variable 
electricity price that applied for the PVST prosumers are 
compared with the original variable electricity price in Fig. 4. 
       
(a)                                                                (b) 
 
(c) 
Fig. 4. Variable electricity price provided by the aggregator. (a) The predicted 
electricity selling price in each rolling process (prosumers in Aggregator 1). (b) 
The predicted electricity purchasing price in each rolling process (prosumers in 
Aggregator 1). (c) The day-ahead market price. 
 
In this work, the rolling window length is 8 hours. The day-
ahead market prices shown in Fig. 4(c) is obtained in [24], 
between 00:00 to 23:00, 5 Mar 2019 for DK2 area. The profits 
of each aggregator are considered by using a profit coefficient, 
which is a profit margin that each aggregator expects assuming 
each aggregator is a price-taker. This profit coefficient concept 
applies in both purchasing and selling prices of the aggregator 
and reflects the differences in aggregators’ bidding strategies. 
The predicted purchasing/selling electricity prices by the PVST 
prosumers associated with the aggregator 1 are shown in Fig. 
4(a) and (b) which is obtained based on the prices in Fig. 4(c). 
 7 
To be concise, the predicted electricity prices from aggregator 
2 is neglected. The coefficients are included in Table V. 
 
TABLE V. PROFIT COEFFICIENT SPECIFICATION 
Aggregator No. ωbuy,t (%) ωsell,t (%) 
1 10 8 
2 12 11 
 
It can be seen in Table V that the aggregator 1 gives cheaper 
electricity product to its contracted customers while purchases 
the surplus energy from the customers with lower price as well 
compared with the business strategy from aggregator 2. 
According to Table V, the energy purchasing/selling price can 
be expressed in the following. 
( )1= +Agg DAMbuy,k tt,k ωµ µ                  (35) 
( )1= +sell DAMt,k sell ,k tωµ µ                  (36) 
Based on the procedure specified in section III, the 
simulation results of all the prosumers are shown below. 
 
 
(a). Aggregated schedule of prosumers before/after TE in each RWO process. 
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(b). Aggregated schedule that is finally submitted to DSO. 
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(c). Aggregated schedule of prosumers before/after TE in 6th RWO process. 
Without PVST 
With PVST before TE
With PVST after TE
 
(d). System voltage before/after TE at 14th time interval in 6th RWO process. 
 
 
(e). CoS for each node at 14th time interval in 7th RWO process. 
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(f). Aggregated schedule of prosumers before/after TE in 7th RWO process 
.   
Without PVST devices
With PVST before TE
With PVST after TE
 
(g).  Grid voltage before/after TE at 14th time interval in 7th RWO process. 
 
 
(h). CoS for each node at 14th time interval in 7th RWO process. 
 
Fig. 5. Summary of TE results.  
 
The aggregated schedule before and after the TE in each 
RWO process is compared in Fig. 5(a) where the solid color 
lines represent the schedules for each RWO without TE process 
and the dot lines represent schedules for each RWO with TE. 
The final aggregated schedule after each RWO is shown in Fig. 
5(b). Due to the congestion constraint, the TE will be activated 
at 14th time interval. The aggregated schedules before/after TE 
in 6th rolling process are shown in Fig. 5(c) while the voltage 
profile is shown in Fig. 5(d). It can be seen that there is a 
remarkable voltage rise in each bus node. Correspondingly, the 
CoS is shown in Fig. 5(e). The aggregated schedules 
before/after TE in 7th rolling process are shown in Fig. 5(f) 
while the voltage profile is shown in Fig. 5(g). Both congestion 
and voltage violation problems occur in this period. After TE, 
the system voltage constraints are met as indicated by the green 
line in Fig. 5(g) while the congestion problem is also solved as 
shown in Fig. 5(c). The corresponding CoS is illustrated in Fig. 
5(h). The CoS for each node is the same even when the voltage 
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violation problem is solved. This benefits from the flexibility of 
PVST prosumers especially the storage units. 
To elaborate on this, we reduce the battery size of the PVST 
prosumer on Bus No. 16 and 32 to 13.1 kWh and 12.3 kWh to 
4.8 kWh and 3.6 kWh, power rating to 1.05 kW and 0.80 kW 
respectively and rerun the program. The overall simulation 
results are quite similar to the figures illustrated in Fig. 5. 
However, the CoS for 7th rolling process shows different feature 
which is shown in Fig. 6. 
 
 
Fig. 6. CoS for each node at 14th time interval in 7th RWO process when 
assuming smaller batteries. 
 
Due to the voltage constraints, larger CoS was induced at Bus 
No. 16 and 32 respectively. In this case, the PVST prosumers 
with smaller batteries cannot help the grid when they are asked 
to reschedule, thus higher prices are paid to so that they will 
have the willingness to change their schedule. This is not fair 
for those customers, as the network voltage issues are affected 
by all customers. In practice, we recommend broadcasting the 
same PA signal for all the customers. 
V. CONCLUSION 
In this paper, a new TE framework for distribution systems 
with prosumers is proposed. The framework contains two 
interactions, aggregators with DSOs, and aggregators with 
prosumers. A PA is formulated to reflect the cost of security for 
prosumer's operation. This PA is, in fact, a dynamic tariff 
component imposed by the network conditions. The proposed 
new TE structure can preserve the privacy information of PVST 
prosumers when participating TE market to help meet the 
system constraints. The procedure has close-loop 
characteristics that guarantee the response from the prosumers.  
In practice, the flexibility of the prosumers may not be 
sufficient to mitigate the grid issues. In this case, the stopping 
criteria of TE may be relaxed to a certain extent while there is 
still room for DSOs to use other control method to regulate the 
voltage and congestion issues. Alternatively, the DSO 
optimization problem in the TE framework can be extended to 
a distribution system optimal power flow problem, where more 
control variables can be introduced.  
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